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Abstract

Fausch, Kurt D.; Hawkes, Clifford L.; Parsons, Mit G. 1988. Models that predict
standing crop of stream fish from habitat variables: 1950-85. Gen. Tech. Rep.
PNW-GTR-213. Portland, OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 52 p.

We reviewed mathematical models that predict standing crop of stream fish (number
or biomass per unit area or length of stream) from measurable habitat variables and
classified them by the types of independent habitat variables found significant, by
mathematical structure, and by model quality. Habitat variables were of three types
and were measured on different scales in relation to stream channels: variables of
drainage basins were measured on the coarsest scale from topographic maps;
channel-morphometry and flow variables were measured in the field along transects
perpendicular to flow; and habitat-structure, biological, physical, and chemical
variables were measured on the finest scale in the field. We grouped the 99
reviewed models by the types of independent variables found significant during
model development: (A) primarily drainage basin (5 models), (8) primarily channel
morphometry and flow (16 models), (C) primarily habitat structure, biological,
physical, and chemical (25 models), (D) a combination of several types of variables
(39 models), and (E) tests of weighted usable area as a habitat model (14 models).
Most models were linear or multiple linear regressions, or correlations, but a few
were curvilinear functions (exponential or power). Some used multivariate techniques
(principal components or factor analysis), and some combined independent variables
into one or more indices. We judged model quality based on simple criteria of
precision and generality: coefficient of determination, sample size, and degrees of
freedom. Most models were based on data sets of fewer than 20 observations and,
thus, also had fewer than 20 degrees of freedom. Most models with coefficients of
determination of greater than 0.75 had fewer than 20 degrees of freedom, which led
us to conclude that relatively precise models often lacked generality. We found that
sound statistical procedures were often overlooked or were minimized during
development of many models. Frequent problems were too small a sample size,
possible bias caused by error in measuring habitat variables, using poor methods for
choosing the best model, not testing models, using models based on observational
data to predict standing crop, and making unrealistic assumptions about capture
probabilities when estimating standing crop. The major biological assumption--that
the fish population was limited by habitat rather than fishing mortality, interspecific
competition, or predation--usually was not addressed. We found five main ways
stream-fish-habitat models are used in fishery management. To be useful for
analyzing land management alternatives, models must include variables affected by
management and be specific for a homogeneous area of land.

Keywords: Stream fish, fish habitat, predictive models, stream-fish standing crop.
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Introduction

Types of Habitat
Variables

A diverse array of models that predict standing crop of stream fish (humber or
biomass per unit length or area of stream) from measurable characteristics of the
environment have been developed since 1970, although fishery biologists have
searched for variables closely linked to fish abundance for at least 35 years (Allen
1951, McKernan and others 1950). Our primary purpose was to review these models
and organize their diversity by the types of habitat (independent) variables found
significant, the mathematical structure, the size of the data sets used to develop the
models, and how well the models fit these data. We included all models developed
for fish in natural streams that we could find, as of August 1985., in the primary
literature, in reports of State and Federal natural resource agencies, in theses, and
from personal sources. We specifically searched the Sport Fishery Abstracts
(1955-85, volumes 1-30(2); now Fisheries Review, Office of Information Transfer,
U.S. Fish and Wildlife Service, 1025 Pennock Place, Fort Collins, CO 80524}, but
most models were found through personal communication with fishery biologists. We
undoubtedly missed some models but have a large, representative sample including
the most important and widely used models. Because relatively few models are
published in primary fishery or aquatic biology journals, review and comparison by
model users and developers has been difficult. We hope this report will aid in that
process.

Wesche (1983) describes habitat evaluation as a young, dynamic science charac-
terized by many methods applied in different ways and by a lack of standards for
measuring habitat attributes. Because most models are too new to have been ade-
quately tested, we chose not to critically review them but rather to provide basic data
for all the models while describing a subset in more detail. We chose the subset
based on historical significance, wide use by biologists, or adequate development
and testing.

To promote improved models for the future, we have highlighted investigations using
sound approaches to model development, testing, and interpretation so that others
might follow that lead. A second purpose therefore was to address several important
aspects of model building, including proper statistical methods, errors in habitat
measurements, and major biological assumptions of models. Finally, we discuss the
present uses of models and how researchers might develop more useful models for
fishery managers.

Physical, chemical, and biological measurements used by investigators as indepen-
dent or input variables in models can be divided into three categories by the method
and scale of measurement. Variables of the drainage basins were measured from
topographic maps and were therefore generally of coarse scale in relation to the size
of stream channels. These variables included characteristics such as drainage basin
area, mean basin elevation, total stream length, drainage density, stream order, and
stream gradient (when derived from a map). Most are geomorphic variables used by
fluvial hydrologists to predict streamflow and sediment yield and can be found in
standard references such as Chow (1964).

A second class included independent variables describing channel morphometry
and flow. These variables were usually measured in the field along transects

perpendicular to streamflow. Examples are various measures of stream discharge
(also available from U.S. Geological Survey [USGS] gauge records), width, depth,



Mathematical
Structure of
Models

mean velocity, wetted area, pool volume, and gradient (when measured in the field
over a stream reach), and percentages of habitat types (for example, pool, riffle, run).
These characteristics are measured on a finer scale than are drainage basin
variables.

A third class of variables, habitat-structure, biological, physical, and chemical
variables, generally related to fish microhabitat. Most of these variables were
measured in the field for individual study reaches on the finest scale of the three
variable types. This class included the various forms of cover for fish, streambank
stability, depth-and-velocity preferences, invertebrate drift abundance, substrate
composition, temperature, and measures of water chemistry. Some cover and
substrate variables are difficult to measure and often are evaluated subjectively.

Most of the models we reviewed were simple or multiple linear regressions fit by
least squares procedures and are of the form:

SC=a+bX,+cX,+....+nX,; (1)

where SC = standing crop of stream fish in numbers or biomass per unit length or
area of stream,

X, X5, . . X, = independent habitat variables, and a,
a,b,..... n = regression coefficients.

An advantage of these models is that standard statistical procedures can be used to
calculate regression coefficients, the confidence and prediction intervals around the
regression line, and the percentage of variation in standing crop accounted for by the
independent variables in the model (the coefficient of determination, R? or r?). Some
investigators simply calculated the correlation between standing crop and a single
independent variable.

Other models were more complex exponential functions:
SC=a.e®™ @)
(loge SC = log. a + bX) ;
or power functions:
SC=a.X° @)
(log, SC = log, a + b log, X) .
These equations were transformed to straight lines by using logarithms, as shown in
parentheses below each equation, and the coefficients were determined by using

simple linear regression. Some of the models reviewed were more complex forms of
these equations.



Categories of
Models

Model Quality

Discussion of
Models

Some modelers combined independent variables into one or more indices and then
used regression to calculate a linear, power, or exponential function between
standing crop and the index. Finally, some investigators used the multivariate
statistical techniques of factor analysis or principal-components analysis to select
linear combinations of independent variables that accounted for the most variation in
standing crop, thereby reducing the dimensions of the data. These techniques are
used to attempt to reveal the important habitat variables, but Johnson (1981) gives
several cautions about the use of multivariate statistics for this purpose.

We first classified the models into five categories according to the types of
independent variables significantly related to standing crop of stream fish. The first
three categories include the models using primarily one of the three variable types to
predict standing crop: drainage basin variables; channel morphometry and flow
variables; or habitat-structure, biological, physical, and chemical variables. A fourth
category includes models using variables of several types, and a fifth set includes
tests of weighted usable area (WUA; see Bovee 1982) as a predictor of standing
crop of stream fish.

Tables for each category (tables 1-5, see appendix) give pertinent data about the
"best" model each investigator developed for each fish species (or group) and life
stage (for example, juvenile trout, adult small mouth bass; see table 6 in the appendix
for scientific names), so only one model was chosen when several predicting the
same quantity were presented in a paper. Selecting the best models was difficult
because most investigators reported only the coefficient of determination (r? or R? for
multiple linear regression) for their models, and few tested whether regression
coefficients were significantly different from zero. Very few modelers calculated
standard errors for regression coefficients, calculated confidence or prediction
intervals around the regression line, or tested their models with other data. Without
this information, users cannot determine whether the model is widely applicable or
sufficiently precise for their needs. For lack of a better criterion, we therefore selected
the model with the highest coefficient of determination as best, even though we will
discuss below why we do not recommend this practice.

Because limited information was available to evaluate relative quality among the best
models, we initially classified models by two simple criteria: sample size and
coefficient of determination. We suspect that even models based on only one or two
habitat variables and pertaining to only a limited area or period of time require a data
set of at least 20 measurements to represent natural variation in standing crop.
Models listed in tables 1-5 are therefore classed by sample sizes of >20 or <20 and
are arranged in descending order by coefficient of determination.

For each of the five categories of models, we describe a subset that is historically
significant, widely used by biologists, or at least adequately developed and tested.
Within these groups, the models are numbered, and generally presented, in
chronological order (see tables 7 and 8 in the appendix for lists of models by number
and author). Model numbers, shown in the text in bold type, correspond to those in
tables 1-5, with the first digit indicating the table number. The habitat variables found
to be significantly related to standing crop in each model are listed in the tables by
abbreviated acronyms, which are defined in table 9 (appendix).



Models Based Primarily on Drainage Basin Variables

Model1.01--Ziemer (1973; 1.01, table 1) developed a model to predict the escape-
ment of pink salmon spawning in Alaska streams from geomorphic variables of
drainage basins. His main tenet was that, within a region of homogeneous geology
and climate, certain drainage basin characteristics are related to flow regime and
channel morphology which, in turn, control fish production. He measured nine geo-
morphic variables for 21 streams from topographic maps and assumed that historical
counts of pink salmon escapement were adequate measures of potential fish produc-
tion. Although we did not review in detail other models predicting escapement, we
included this one because it is the earliest using only drainage basin variables.

Ziemer (1973) developed two indices of potential fish production from four geomor-
phic variables affecting runoff. One of the indices was correlated with pink salmon
escapement, but no statistical analyses were reported. Although the data are vari-
able, we found that a linear transformation of the power function (see equation 3)
derived from Ziemer's (1973) plot of pink salmon escapement as a function of the

index accounted for 34 percent of the variation, when three outliers he identified were
excluded.

Models 1.02 and 1.03--Using a similar approach, Burton and Wesche (1974; 1.02)
and Wesche and others (1977; 1.03) developed indices from drainage basin
variables and related them to standing crops of brook trout, brown trout, rainbow
trout, and Colorado River cutthroat trout in Wyoming streams. They show that at
least part of the variation among standing crops of salmonids can be accounted for
by drainage basin variables such as mean basin elevation and total stream length.

Models 1.04 and. 1.05--Lanka (1985; see also Lanka and others 1987) developed
models to predict standing crops of four species of trout in high-elevation forested
streams (1.04) and low-elevation grassland streams (1.05) in Wyoming. His object-
tives were to evaluate relations among drainage basin geomorphology, instream
habitat, and trout standing crop and to make models allowing fishery managers to
rapidly estimate standing crops from easily measured variables. For each stream
type, he built three models using 11 drainage basin variables, 10 instream variables
(a combination of variables including channel morphometry, velocity, substrate, and
channel stability), or all 21 variables. Historical data were gathered from several
sources, and Lanka (1985) collected additional data to test the models.

For both stream types, Lanka (1985) chose the best models based on the highest
adjusted R2, an objective criterion described below. In both cases, the best model
included one instream habitat variable and three drainage basin variables. Relative
prediction error (the. predicted standing crop minus the actual standing crop, divided
by the predicted standing crop) was lower for all models when the data collected for
model tests were used than when original data for model development were used.



Lanka (1985) also discussed biological mechanisms whereby variables included in
the models could affect the standing crop. Canonical correlation analysis indicated a
significant relationship between drainage basin variables and instream variables,
which suggested to him that the relation between drainage basin geomorphology and
the standing crop of trout results from a functional link between geomorphology and
instream habitat.

We propose that this category of models is most useful for basinwide planning and
analysis in fishery management. Although most of the models appear relatively
imprecise, when judged solely from the coefficients of determination (table 1), Lanka
(1985) found relative prediction errors of 39 percent for the best model for rangeland
streams, and only 18 percent when the model was tested. He suggested that the
separation of basins into two homogeneous groups improved model performance.
Other modelers used drainage basin variables to separate good and poor spawning
streams for Pacific salmon in Alaska by using discriminant functions (Swanston and
others 1977) and to predict habitat quality for anadromous salmonids in Oregon
under natural and managed conditions (Heller and others 1983, Parsons and others
1981).

Models Based Primarily on Channel Morphometry and Flow Variables

Models 2.01 and 2.02--Since 1950, several investigators have related catches and
escapement of anadromous Pacific salmon (Brett 1951, McKernan and others 1950,
Scarnecchia 1981, Vernon 1958, Wickett 1958), striped bass (Stevens 1977), and
chinook salmon, American shad, and longfin smelt (Stevens and Miller 1983) to river
flows and other climatological conditions, such as rainfall and ocean upwelling (table
2). Similarly, Bulkley and Benson (1962) and Drummond (1965) found that indices of
year-class strength for cutthroat trout were significantly related to indices of stream-
flow during spawning, incubation, or rearing. Burns (1971), however, was the earliest
reference we found who related standing crop of stream fish to variables of channel
orphometry and flow. He found that surface area accounted for 81 percent of the
variation in standing crops of anadromous salmonids (2.01) and 80 percent of the
variation for all teleosts (2.02) in northern California streams.

Model 2.03--Hunt (1971; 2.03) correlated standing crops of brook trout in 17 sections
of a Wisconsin stream to five channel morphometry variables and overhead bank
cover for 3-year periods before and after the habitat was improved. In eight multiple
correlations, these six variables accounted for 59-85 percent of the variation in
numbers or biomass of trout. Pool area and bank cover were the most important
variables, the two together explaining 68 percent of the variation in number of trout
larger than 6 inches after habitat enhancement.



Models 2.06 and 2.07--White and others (1976; 2.06, 2.07) related populations of
brook trout and brown trout in six Wisconsin and Michigan streams to seven
streamflow variables and two measures of standing crops from previous years. Latta
(1965) had shown that groundwater level, assumed to be related to baseflow
discharge, accounted for 71-74 percent of the variation in fall numbers of age-0
brook trout for 9 years in a Michigan stream, but accounted for relatively little of the
variation in abundance of age-0 brown trout. In contrast, White and others (1976)
found no significant relationships between abundance of age-0 brook trout and flow
variables when they used 17 years of data then available for the same Michigan
stream, although a multiple regression of numbers of age-0 brown trout on flow
variables explained 37 percent of the variation.

Significant regressions of numbers of fall age-0 trout on flow and previous standing
crop variables for four of the six streams White and others (1976) studied accounted
for 66-95 percent of the variation in standing crop (2.06). Similarly, all but one
multiple regression of total trout biomass on similar variables accounted for 50-94
percent of the variability (2.07). They concluded that high, stable stream discharge
and lack of severe floods, especially in winter, are favorable conditions for trout in
midwestern streams.

Models 2.05, 2.08, 2.09, 2.10, and 2.14--Several investigators have found significant
relationships between stream salmonid populations and flows. In Wisconsin, White
(1975 ; 2.05) found more brook trout and brown trout in years when flow was high the
previous winter, and Hunt (1979; 2.08) found more brook trout during the fall after
summer base flow was high. Similarly, Nelson (1980; 2.09) showed that trout popu-
lations in the Gallatin River, Montana, were related to minimum summer flows; and
Solomon and Paterson (1980; 2.10) found more age-0 brown trout when April flows
were high in two English chalk streams. Frenette and others (1984; 2.14) report that
Atlantic salmon parr numbers were related to periods of critical spring and summer
low flow in a Quebec river. These studies indicate that inadequate base flows can be
a limiting factor to stream salmonid populations by reducing suitable microhabitat.

Models 2.11, 2.12, and 2.13--In contrast to the researchers who found that low flows
limit salmonid populations, Nehring and Anderson (1981,1982,1983,1984; 2.11,

2.12, 2.13) report that high flows in several Colorado rivers during incubation or soon
after emergence reduced year classes of brown trout (2.11, 2.12) and rainbow trout
(2.13) by washing away eggs or fry. For each river where long-term population
estimates were available, they found strong negative correlations between year-class
strength and high flows during these critical periods. In other river reaches, especially
those below reservoirs, they found that flow fluctuations leave salmonid redds without
water during the winter, which also reduces year-class strength.



Models 2.04 and 2.15--Kraft (1972; 2.04) experimentally reduced flows in several
sections of a Montana stream and found that the number of brook trout remaining
was related to channel morphometry and cover variables. Randolph and White
(1984; 2.15) also manipulated flows in a Montana stream to test the validity of using
the wetted perimeter method to make instream flow recommendations. They meas-
ured decreases in habitat and fish abundance associated with reductions in flow and
found that the number of rainbow trout remaining in two of three sections lagged
decreases in discharge; the highest correlations were between fish remaining and
flow 11 and 15 days previous.

Model 2.16--Chisholm and Hubert (1986; 2.16) found that standing crops of brook

trout in 13 southern Wyoming mountain streams were largest in reaches having the
least gradient. Four channel-morphometry variables accounted for 69 percent of the
variation in brook trout biomass over a gradient range of 0.4-9.2 percent.

Because channel-morphometry and flow variables often require field measurement,
models based primarily on these variables require an intermediate amount of effort to
apply. This extra effort should increase the precision of prediction substantially, if we
judge solely by the coefficients of determination of the 16 models using this variable
type exclusively (table 2), at least when models are developed for relatively small
geographic areas. Where USGS gauge records are available for reaches of

interest, models based on flowean be more easily applied. Nehring and Anderson
(1984) suggest, as an example of model use, that populations of age-0 brown trout
could be augmented by stocking when year-class failure is predicted from high spring
runoff flows in a Colorado river.

Models Based Primarily on Habitat-Structure, Biological, Physical, and
Chemical Variables

Model 3.01--McFadden and Cooper (1962; 3.01, table 3) related salmonid and
nonsalmonid standing crop to conductivity in six Pennsylvania streams and found
that the partial correlation between nonsalmonid biomass and conductivity, given the
total number of fish species, accounted for the most variation. Although their best
correlations were significant only at P<0.25, they do suggest a relationship between
fish standing crop and conductivity or other correlated variables like alkalinity that
indicate stream productivity. This study is the earliest attempt we could find that
relates stream-fish standing crop (rather than catch or escapement) to measurable
environmental variables.

Model 3.03--Enk (1977; 3.03) developed linear regressions to predict standing crops
of brook trout and brown trout in two Michigan streams from the length of overhead
bank cover that met Wesche's (1974) criteria. The criteria are for the bank to be at
least 9 cm wide and to have at least 15 cm of water beneath it. A maximum of 88

and 93 percent of the variation in trout biomass was explained by the one cover
variable for the two streams.



Models 3.02, 3.05, and 3.15--Like Enk (1977), several other investigators also
developed models predicting standing crops of stream salmonids from relatively
simple measures of cover. Klamt (1976; 3.02) found a significant multiple correlation
between density of salmonids (primarily age-0 chinook salmon) and two independent
variables, boulder-and-log cover and abundance of drifting invertebrates, in two Idaho
streams. Several models that included percentage of fine sediment in riffles also
contained a ratio of variables (drift per pool area) but Klamt (1976) reported that this
may cause statistical complications. Ward and Slaney (1980; 3.05) report a signify-
cant correlation between abundance of rearing steelhead parr and the number of
boulders in a .river on Vancouver Island, British Columbia. Gordon and MacCrimmon
(t982; 3.15) found that density and biomass of juveniles of anadromous brown trout,
coho salmon, and steelhead correlated significantly with instream and permanent
bank cover in a tributary to Lake Eire in Ontario.

Model 3.04--Harshbarger, and Bhattacharyya(1981 ; 3.04) measured 18 characteris-
tics of cover for trout (species not reported, but most likely brook trout and rainbow
trout) in 100 sections of five streams in North Carolina. They used factor analysis to
determine six factors (linear combinations of the 18 original variables) that best
described the data. Both the factors and the original variables were then used in
multiple regressions to predict standing crop. They found that the six most significant
independent variables explained more variation in standing crops of four age classes
of trout (maximum of 66 percent) than did the six derived factors. Variables common
to all the models were the number of rocks affording cover, percentage of brush
cover, and. percentage of cover as bank vegetation trailing in the water.

Models 3.06 and 3.07--Wesche (1980; 3.06, 3.07) developed a model that predicts
standing crops of brown trout for Wyoming streams as a function of a trout-cover
rating. The rating is calculated from length of overhead bank cover; area of rubble,
boulder, or aquatic vegetation substrate; the preference of trout species for these two
habitat features; and in larger streams (>100 ft*/s mean discharge), the area of water
deeper than 1.5 feet. These variables were combined in two indices accounting for
60 percent of the variation in biomass in reaches of eight small streams (3.06) and 95
percent of the variation in biomass in four large streams (3.07). No significant
relationships were found for brook trout at 9 sites or for Colorado River cutthroat trout
at 12 sites, so Wesche (1980) concluded that populations of these species are not
controlled as much by cover as are other species.

In an earlier test of the cover rating, Wesche (1974, 1976) found that standing crop
of the same three trout species (brook, brown, and Colorado River cutthroat) was an
exponential function of the trout-cover rating for small streams, but the coefficient of
determination was not reported even though the regression coefficient was signify-
cant. These studies indicate that many forms of cover can significantly affect popula-
tions of stream salmonids when other factors are not limiting.



Models 3.08-3.12--Barber and others (1981 a; 3.08-3.12), Barber and others (1981b),
and Oswood and Barber (1982) predicted standing crops of four fish species in
southeastern Alaska streams from physical microhabitat variables measured by using
a standard transect method and a technique they developed to map areas of differ-
ent microhabitats within sections. They found their area method to be superior and
developed a multiple regression model (3.08) accounting for 76 percent of the varia-
tion in standing crops of age-0 coho salmon from three independent variables: log,
available spawning area, area of overhanging vegetation, and the number of days
from June 1. When they calculated principal components using all 17 measured
variables, and used these principal components as independent variables in multiple
regressions, 81 percent of the variation in number of age-0 coho salmon was ac-
counted for. They also developed ,similar models for age-1 coho salmon (3.09), Dolly
Varden (3.10), coastal cutthroat trout (3.11) ,and coastrange sculpin (3.12), but only
the models not using principal components are listed in table 3. For Dolly Varden and
coastal cutthroat trout, multiple regressions based on the transect method had
higher coefficients of determination than those based on the area method.

Model 3.13--Several investigators developed models that predict stream-fish standing
crop primarily from measures of stream substrate. Paragamian (1981; 3.13) predicted
abundance and biomass of juvenile and adult smallmouth bass in an lowa river from
the percentage of area with exposed substrate of 16-256 mm. An exponential func-
tion best fitted the relationships, and accounted for 41-90 percent of the variation in
biomass and numbers of smallmouth bass in two different years. Paragamian (1981)
is one of the few investigators reporting standard errors and confidence intervals for
regression coefficients.

Model 3.14--Eifert and Wesche (1982; 3.14) evaluated several habitat quality indices
(Binns 1979, Duff and Cooper 1978, Pfankuch1975) as predictors of brook trout,
brown trout, and rainbow trout in two Wyoming streams; they found that these
indices generally accounted for 50 percent or less of the variation in standing crop.
Their best model, though, is based on the area of substrate composed of rubble,
boulder, or aquatic vegetation--a variable from Wesche's (1980) trout-cover rating
that accounted for 71 percent of the variation in fish standing crop.

Models 3.16 and 3.17--Hawkins and others (1983; 3.16, 3.17; see also Murphy

and others 1981) related density and biomass of stream salmonids (coho salmon,
cutthroat trout, and steelhead trout) and sculpins (coastrange sculpin, prickly scul-
pin, and reticulate sculpin) to percentage of fine sediment in riffles and density of
collector-gatherer invertebrates in riffles. At shaded sites, they found a highly signi-
ficant negative correlation (P<0.01) between salmonid density and riffle sediment
(8.16), and a highly significant positive correlation (P<0.01) between sculpin biomass
and density of collector-gatherer invertebrates (3.17).
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Models 3.18-3.22--Stowell and others (1983; 3.18-3.22) compiled equations, based on
data from other sources, predicting fry emergence and summer and winter rearing
capacity for juvenile steel head trout and chinook salmon in Idaho rivers from percen-
tage of embeddedness of the stream substrate. The embeddedness resulting from
fine sediments eroded from these watersheds is predicted from the increase above
natural sediment yields due to timber harvest and associated activities with the
sediment-yield model of Cline and others (1981). In general, the models predict
density of summer- and winter-rearing steel head juveniles (3.18, 3.19, 3.22) and
chinook juveniles (3.20, 3.21) as negative exponential or polynomial functions of
embeddedness, and account for 87-99 percent of the variation in standing crop of the
two salmonids. All the models based on measures of substrate show that many
stream fish are dependent on specific substrates for spawning and for hiding cover
for juveniles and adults.

Models 3.23, 3.24, and 3.25--McClendon and Rabeni (1985; 3.23,3.24, 3.25)

related density and biomass of three centrarchids in a Missouri Ozark river to 31
variables of all three types. They constructed models for adult smallmouth bass
(3.23), rock bass (3.24), and longear sunfish (3.25) from data for 10 sites. They
measured habitat and fish populations at 10 more sites to test the models and then
combined all the data to calculate a new model. Most models performed well in this
validation, and the best two- or three-variable models accounted for about 60 percent
of the variation in standing crop. McClendon and Rabeni (1985) found that habitat
structure and substrate variables were significant in models most often.

Models based primarily on habitat-structure, biological, physical, and chemical
variables require the most effort to apply because field measurement of these
variables is generally time consuming. When judged solely by coefficients of deter-
mination, some models performed very well but others were less precise. Those
performing well generally apply to only a few streams or rivers or to a specific life
history stage where fish are limited by one or a few environmental variables.

Models Based on a Combination of Variable Types

Many models predict standing crop of stream fish from a combination of variable
types (table 4). Nine models from this group are based primarily on measures of
channel morphometry, cover, or substrate.

Model 4.01--Lewis (1969; 4.01) developed a model to predict standing crops of
brown trout and rainbow trout in pools of a Montana stream as a function of pool
area, width, depth, current velocity, cover area, and percentage of cover. Mean,
current velocity and cover area accounted for 66 percent of the variation in numbers
of both total trout and brown trout in pools, and current velocity alone explained

51 percent of the variation in the number of rainbow trout. From the significance of
individual variables in regressions, Lewis (1969) inferred cover to be most important
to brown trout and current velocity to be most important to rainbow trout, a conclu-
sion coinciding with knowledge about the ecology of these species.



Models 4.02, 4.03, 4.08, 4.26, and 4.39--Stewart (1970) developed models to predict
standing crops of brook trout (4.02) and rainbow trout (4.03) in a Colorado stream
from mean depth and cover variables. Rinne (1978; 4.08; see also Rinne 1981)
related standing crop of Gila trout in a New Mexico stream to several channel
morphometry and cover variables. Konopacky (1984; 4.26) made models to predict
biomass of age-0 chinook salmon in pools of several Idaho streams from measures
of channel morphometry and stream substrate. Marshall (1985; 4.39) constructed two
models to predict fall biomass of fingerling brown trout stocked in lowa streams from
four easily measured variables of channel morphometry, cover, and substrate.

Models 4.10, 4.11, and 4.12--Nickelson and others (1979) developed models to
predict standing crops of cutthroat trout (4.10), juvenile steelhead trout (4.11), and
juvenile coho salmon (4.12) in Oregon streams primarily from variables of channel
morphometry, flow, and habitat structure. As an example of the models (4.10), they
created a total-cover variable for cutthroat trout by summing the frequencies of suit-
able depths, instream cover, overhanging cover, surface turbulence, and velocity
refuge, measured at points along transects. They multiplied this variable by a factor
reflecting the suitability of section velocity for cutthroat trout and by section area,
yielding a habitat quality rating (HQR), which they used as the independent variable
to predict standing crop. Two slightly different HQR's accounted for 87 and 91 per-
cent of the variation in standing crop of cutthroat trout; 48 and 57 percent of 20 new
observations collected to test the models fell within the 95-percent prediction interval
for the original regressions. A similar model was developed for juvenile steelhead
trout (4.11).

Pool volume alone accounted for 93.5 percent of the variation in juvenile coho
biomass (4.12), and 88 percent of 318 new sections measured to test the model fell
within the 95-percent prediction interval. A more complex habitat quality index for
coho salmon proposed earlier by Nickelson (1976) explained 72 percent of the
variation in standing crop.

Models 4.04, 4.05, and 4.06--Exclusive of the nine models presented above that are
based primarily on three main variables, the rest of the models considered in this
category are based on combinations of several different variable types. In a series of
reports, Hendrickson and Doonan (1972; 4.04) and Hendrickson and others (1973b;
4.05: 1973a; 4.06) relate standing crops of salmonids in Michigan and Wisconsin
streams to numerous variables in all three categories. Although species are not
reported, most fish were probably brook trout, brown trout, and rainbow or steelhead
trout. As an example of the analyses, Hendrickson and others (1973a) developed
complex power function models by transforming the data to logarithms and using
multiple regressions (see equation 3). These models predict standing crops of trout
for 57 Michigan and Wisconsin streams from channel morphometry, flow, substrate,
cover, temperature, and water chemistry. The best model (4.06) accounted for 74
percent of the variation in trout biomass. These models indicate that trout populations
are greatest in streams with relatively high ground-water discharge, which in turn
produces stable base flows and water temperatures as well as higher water
hardness, a general index of productivity.
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Model 4.07--Platts (1974, 1976; 4.07) made complete censuses of Dolly Varden,
cutthroat trout, rainbow trout, and juvenile chinook salmon in Idaho streams by using
explosives, and measured 20 independent variables of all three types along trans-ects.
Multiple linear regressions using all the variables accounted for 10-35 percent

of the variation in numbers of the four salmonid species; but elevation, stream width,
and a pool rating were the most significant variables explaining variation in numbers
of all fish (Platts 1974). Platts (1974) found that when land is classified according to
geology and geomorphic process, predictable relationships between numbers of fish
species and elevation, gradient, and channel width become evident.

Model 4.09--One of the most widely known models predicting stream salmonid
standing crop from habitat variables is the habitat quality index (HQI) (Binns 1979,
Binns and Eiserman 1979; 4.09). During initial development of HQI model |, Binns.
(1979) measured standing crops of brook trout, brown trout, rainbow trout, and cut-
throat trout in 20. Wyoming streams and regressed those standing crops against
relative ratings of 10 variables of all three types. The model structure is complicated
because each independent variable is rated from 0 (worst) to 4 (best) based on
quantitative criteria, and some ratings are multiplied together to form an index. The
model also is in the general form of a power function, fitted using multiple linear
regression by transforming both dependent and independent variables (the ratings) to
logarithms. All these factors make interpretation of the model difficult. Model |
accounted for 95 percent of the variation in standing crops at the initial 20 sites, but
one stream with a very large standing crop inflated the coefficient of determination, a
problem discussed below.

Binns (1979) collected data from 16 more streams to test model | and also combined
the two sets of data to develop model Il (4.09). Model | explained 59 percent of the
variation in standing crop at the 16 new sites, but the relative prediction error may be
more significant in judging model accuracy because of the one large datum. The
standing crop predicted by model | differed from actual biomass by 38 percent on
average. Binns (1979) revised model | by replacing two variables that were time con-
suming to measure with one simpler one and by constructing two new indices. Model
II, also a complex power function of variable ratings and indices, explained 97 per-
cent of the variation in trout biomass for all 36 sites. Finally, Binns (1979) collected
data from eight more sites to test model Il, which explained 93 percent of the
variation and averaged only 12.5 percent prediction error.

Model 4.25--Annear and Conder (1983) tested the HQI for 10 Wyoming streams

and found it closely related to the standing crop of stream salmonids (r 2= 0.83,
P<0.05); but for 5 streams, population estimates were made 1-3 years before habitat
measurements. In contrast, White and others (1983; 4.25) applied Binns' (1979) HQI
to 30 sections of four Montana streams, but found that actual standing crops of brook
trout, brown trout, and rainbow trout were consistently below predicted levels and
that the. correlation between HQI and standing crop was low (r=0.23). White and
others (1983) then calculated separate multiple linear regressions for stream sections
in urban areas and nonurban areas and for all stream sections, after transforming
HAQI variables to logarithms but not rating them. The three models they constructed
(for example, 4.25) accounted for 76-95 percent of the variation in standing crop.



Model 4.13--Sekulich (1980; 4.13) developed several models to predict the biomass
of age-0 chinook salmon in pools of several Idaho streams from the number of eggs
deposited, channel morphometry, flow, temperature, and biological variables. The.
number of eggs deposited was consistently the most important variable in models.

Model 4.14--Fraley and Graham (1981; 4.14) found that overhead and instream
cover, stream order, and substrate accounted for 41 percent of the variation in
density of westslope cutthroat trout and bull trout in 134 stream reaches of a
Montana watershed. When this regression model was tested by using data from 23
additional reaches in a separate area of Montana, the correlation between observed
and predicted trout numbers was 0.63, and the relative prediction error averaged
115 percent.

Models 4.15-4.22--Layher (1983; 4.15-4.22) developed models to predict standing
crops of eight warmwater fish species from variables of all three types by using data
collected at 420 sites in Kansas streams.. Independent variables were first converted
to suitability index values, a continuous rating from zero to one developed from a
separate plot of the standing crop as a function of each independent variable. This
technique was developed for use in the U.S. Fish and Wildlife Service (USFWS)
habitat evaluation procedures (USFWS 1980, 1981) and effectively standardizes all
independent variables to a unitless scale. For each fish species, separate models
were developed from data collected by eight different sampling methods. The best
models for all species were significant (P<0.05) and, except for the green sunfish
model (4.22), accounted for 90 percent or more of the variation in standing crop.
When data were collected, however, to test the models at 50 new sites in Oklahoma,
correlations between observed standing crop and that predicted were low and
generally not significant. Significant new regressions were developed for most
species for the Oklahoma sites and were based on the same suitability indices as for
Kansas, but the habitat variables found significant were different. Layher (1983)
concluded that attempting to develop such models for large geographic areas is
impractical unless species have restricted habitat requirements.

Models 4.23 and 4.24--Scarnecchia (1983) developed the only models we found that
estimate production (g-m?-year”; 4.23) and biomass (4.24) of stream salmonids from
habitat. His objective was to construct production models for brook trout, brown trout,
rainbow trout, and cutthroat trout in headwater streams in Colorado. He presents a
variety of models using two to four variables, such as elevation, width-to-depth ratio,
substrate diversity, nitrate, and sulfate. The best models accounted for 60-84 percent
of the variation in trout production and 60-75 percent of the variation in biomass.
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Models 4.27-4.35--Rabern (1984; 4.27-4.35) constructed models to predict standing
crop of nine warmwater fish species at 75 sites in Georgia rivers from 21 variables of
all types. Unlike most investigators who estimated standing crops of fish from mark-
recapture or depletion methods by electrofishing, Rabern (1984) used data from
surveys with rotenone in rivers to estimate fish abundance. Five models were devel-
oped for each species from different subsets of variables and their squares and cross
products. Then the optimum number of variables was determined from Mallows' Cp
statistic (discussed below), an objective criterion used to arrive at the best model.
The best models were all highly significant and accounted for 66-98 percent of the
variation in standing crop. When data from two additional river rotenone stations
were collected and fish biomass predicted, a number of the models performed poorly,
but this was a limited test of the models.

Models 4.36, 4.37, and 4.38--Leathe and Enk (1985) constructed models to predict
densities of bull trout (4.36), west slope cutthroat trout (4.37), and brook trout (4.38)
from 18 variables of all three types as part of an analysis of the cumulative effects of
small hydropower projects in a Montana watershed. All three models incorporated
instream cover as an important variable. But in the analysis of cumulative effects of
several hydropower installations, the relationship between the density of juvenile bull
trout and a substrate condition score proved to be the more important model
because it could be linked to the sediment-yield models of Cline and others (1981), a
process discussed below.

Several models presented in this category require that more variables be measured
to estimate standing crop than do most models in other categories. Many of the
variables are also difficult to measure accurately. Fishery managers may therefore
find these models prohibitively expensive to use unless variables are easily
measured or the data are readily available--or the fishery is so highly valued that
costly measurement is justified. We believe these models will be useful only if they
apply to the specific situation and geographical region of interest to the manager, a
subject discussed below.

Tests of Weighted Usable Area as a Habitat Model

The Instream Flow and Aquatic Systems Group (IFASG) of the USFWS's National
Ecology Research Center developed a set of physical-habitat models for stream fish
designed for use with the Instream Flow Incremental Methodology (IFIM). The IFIM
was originally conceived to estimate changes in fish habitat caused by changes in
stream discharge. In this procedure, hydraulic models are used to predict depth,
velocity, and substrate within cells of relatively small stream area as functions of flow.
The area of each cell is multiplied by the relative preferences (ranging from 0 to 1) of
the fish species for the depth, velocity, and substrate found at a given flow. Values
for all cells in the stream reach are summed to determine the weighted usable area
(WUA). Bovee (1982, 1986) describes ways that joint preference functions for several
variables (for example, depth and velocity) can be derived for fish species and
indicates that recent IFIM procedures also incorporate cover preference. The reaches
of stream with suitable water quality and temperature for each species at each
discharge are also predicted by other models.



Users should be aware of several assumptions inherent to the IFIM. The first is that
fish respond to average water velocities in each - cell because these are the velocities
predicted by the hydraulic models. Stream salmonids are known, however, to choose
positions in low-velocity refuges near higher velocities, which maximizes the net
energy they gain from feeding on invertebrate drift (Fausch 1984). These sites are
often near the streambed and downstream from objects, rather than at the 0.6 depth.
Overcoming this assumption greatly increases the complexity of developing prefer-
ence functions (Bovee 1982). A second assumption is that depth, velocity, and
substrate are assumed independent in some preference functions. But these varia-
bles are correlated in streams so that fish preference for them should also be re-
lated. Bovee (1986) suggests that this assumption poses no problem unless the
pattern of dependence for microhabitat use by the fish is different than that for the
microhabitat available. A third assumption inherent in using preference functions is
that a large amount of suboptimal habitat is equivalent to a smaller amount of optimal
habitat. Finally, the IFIM rests on the assumption that the fish population is primarily
limited by suitable habitat (temperature and water quality) and microhabitat, not by
food, competitors, predators, or fishing mortality. The IFASG is presently working to
develop models explicitly incorporating many of these factors.

Models 5.01 and 5.04--An obvious test of WUA is to use it as an independent
variable to predict fish standing. crop. Stalnaker (1979; 5.04) used data from Wesche
(1976) in one of the first of these tests and found that WUA accounted for 81 percent
of the variation in brown trout biomass in Wyoming streams during late summer.
Nehring (1979; 5.01) found WUA at average discharge to be highly correlated with
brown trout biomass in 7 Colorado streams but found no such relation for either
brook trout (11 streams) or cutthroat trout (5 streams). Nehring (1979) attributed
these low correlations to the preference curves for the latter two species, which the
IFASG then considered only fair, whereas those for brown trout were considered
good or excellent.

Models 5.02, 5.03, 5.05, and 5.11--In a test similar to those above, Wesche (1980;
5.05) found that WUA explained 82 percent of the variation in brown trout biomass in
four reaches of large Wyoming streams. Nickelson and others (1979) found WUA to
be significantly correlated with biomass of juvenile cutthroat trout (5.02) and steel-
head trout (5.03), but it accounted for relatively little of the variation in cutthroat bio-
mass. In contrast, WUA was not correlated with the standing crop of juvenile coho
salmon. During a 2-year study of a Michigan stream, Gowan (1,984; 5.11) found that
83 and 90 percent of the variation in abundance of brook trout and brown trout,
respectively, measured bimonthly during the summer was accounted for by the WUA
calculated for the average daily flow measured in the previous 2 weeks.

In contrast to these studies, Annear and Conder (1983) found low correlations
between WUA and biomass of brown trout and rainbow trout for 10 Wyoming
streams (r=0.24 and 0.25, respectively, and neither was significant). But in five
streams, the habitat measurements were made 1-3 years later than the population
estimates, which casts - serious doubt on the results for these streams.
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Models 5.06, 5.07, and 5.08--Orth and Maughan (1982) developed depth, velocity,
and substrate preference functions for freckled madtom (5.06), central stoneroller
(5.07), and orangebelly darter (5.08) by sampling individual fish in an Oklahoma
stream by using electrofishing. Then they calculated WUA for the three species and
for juvenile and adult smallmouth bass (using preference functions of Orth and others
(1981) for the smallmouth bass) during each season for 2 years in two riffles and two
pools. They found no significant correlations between WUA and standing crop of
either adult or juvenile smallmouth bass during any season. Similar correlations for
freckled madtom, central stoneroller, and orangebelly darter were often significant
and were highest during summer when habitat is assumed to be most limiting for
stream fish because of low flow.

Models 5.09 and 5.10--Nehring and Anderson (1983, 1984) related standing crop of
brown trout (5.09) and rainbow trout (5.10) to their respective WUA to show how flow
limits different salmonid life stages in Colorado rivers. In two rivers, year-class
strength was positively correlated with WUA during peak runoff periods, a result
similar to their analysis described above for flows. Nehring and Anderson (1984) also
found that the maximum biomass of brown trout age 2+ and older was highly
correlated with the maximum WUA in 10 rivers for which 1-8 years of data were
available. Most rivers had catch-and-release regulations or low bag limits.

Models 5.12, 5.13, and 5.14--Loar and others (1985) tested how well WUA predicted
standing crops of brown trout (5.12, 5.13) and rainbow trout (5.14) in southern Appa-
lachian streams. For each species, they correlated standing crop of each age class to
WUA and to percentage of usable area (WUA divided by total stream area) for

each life stage. They also calculated instantaneous correlations, those using flows
measured when populations were estimated, and minimum habitat correlations, those
based on the historical mean monthly flow producing the minimum WUA for each life
stage.

Even though Loar and others (1985) calculated a matrix of all correlations, we
consider as biologically significant only those instantaneous correlations calculated
from data for the same life stage (for example, age-0 abundance vs. fry WUA) and
only those minimum habitat correlations calculated using WUA for the same or a
previous life stage (for example, adult abundance vs. adult, juvenile, fry, incubation,
or spawning WUA). We reasoned that minimum WUA may be relevant to succeeding
life stages, but not to preceding ones.

Loar and others (1985) found that analysis of minimum habitat for brown trout
produced more significant correlations than did the instantaneous correlations.
Standing crops of rainbow trout showed little relation to habitat in either analysis,
however. They suspected that competition with brown trout might limit rainbow trout
in sympatry, so they analyzed the allopatric rainbow trout populations separately and
found several significant correlations with WUA.



Assessing Model
Quality and
Important Habitat
Variables

In addition to the IFIM, the USFWS has also developed habitat evaluation
procedures (USFWS 1980, 1981) to predict habitat quality units from habitat
suitability index (HSI) models. A number of HSI models for both coldwater and
warmwater stream and river fish were recently tested by investigators to determine
whether model output was related to standing crop (Terrell 1984). We chose not to
review these tests because they are assembled in a readily available volume
including a review and summary of the work by Terrell and Nickum (1984).

Levins (1966) outlined three desirable attributes of models: realism, precision, and
generality. He believed that, at most, two of the three attributes can be attained in
biological models. Ideal models for standing crops of stream fish would incorporate
all the important functional attributes of fish population response to habitat (that is, be
realistic); account for a large percentage of the variation in standing crop and give
repeatable results (that is, be precise); and be based on many years of data
collected from a broad geographic area (that is, have wide generality) so that 50 or
more degrees of freedom remain after fitting model parameters.

We attempted to assess model precision and generality by using simple criteria
available for most of the models we reviewed: coefficient of determination, sample
size, and degrees of freedom. Of the 98 models we reviewed where sample size was
reported, 39 were developed from data sets of more than 20 observations (fig. 1), but
only 18 of these models accounted for 75 percent or more of the variation in standing
crop. Conversely, 40 of the 59 models calculated from fewer than 20 samples had
coefficients of determination of 0.75 or greater. We conclude that most relatively
precise models stem from data collected over relatively short periods (often only one
season of one year), or over relatively small geographic areas (often a single stream
or watershed), or both, and thus lack generality.

We also calculated the degrees of freedom (sample size minus the number of
regression coefficients fitted, including the intercept) for the 95 models where the
information was available, because degrees of freedom is an even better indicator of
model generality than sample size. Only 31 of the models had more than 20 degrees
of freedom (fig. 2), and only 15 of these accounted for more than 75 percent of the
variation in standing crop. In contrast, 43 of the 64 models with fewer than 20
degrees of freedom accounted for 75 percent or more of the variation, again
indicating that relatively precise models often lack generality.

Even though a model is precise, it is not necessarily realistic or accurate. Model
accuracy can be tested only by repeating the estimates of model coefficients
independent of the original means. Several investigators attempted such tests of their
models by collecting additional data, as we discuss below.

When researchers initially construct a model, they usually question which habitat
variables the standing crop of stream fish should be closely related to. When we
grouped models by sample size, coefficient of determination, and the five categories
of variables, we found that the majority of models with the larger sample sizes (>20)
and greater coefficients of determination (>0.50) used a combination of variable
types (fig. 3). We took this another step and analyzed the variables most frequently
found significantly related to standing crop in the 85 models we reviewed, excluding
the 14 WUA tests (table 10, appendix). Although most variables were used in only
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Coefficient of determination

Figure 1-- The reviewed models are divided into groups by
sample size and by the coefficient of determination. Only 98
models are shown because the sample size was not reported
for 1 model.

one or two models, seven emerged as most often being significant when we grouped
similar variables together. Measures of instream, overhead cover were most fre-
quently significant (22 models) followed by depth (20 models), alkalinity/hardness/
conductivity (15 models), mean stream flow (14 models), width (14 models), surface
area (12 models), and dissolved oxygen (11 models). More than one variable of a
given type sometimes occurred in the same model. Each of these variables was also
found significant in one or more of the models with greater precision and generality
(r*>0.50 and 20 or more degrees of freedom, table 10). This analysis is biased,
however, because investigators (often used data at hand or evaluated easily
measured variables. The variety of ways similar habitat variables are measured
(table 9) has spurred recent calls for standardization (Mullan 1983, Platts 1983,
Wesche 1983).
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Figure 2--The reviewed models are divided into groups by
degrees of freedom and by the coefficient of determination.
Only 95 models are shown because the information needed to
determine degrees of freedom was not reported for 4 models.
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Figure 3- The reviewed models are divided into groups by
type of independent variables and by sample size and the
coefficient of determination,. Categories of variables are D =
drainage basin variables; C = channel morphometry and flow
variables; H = habitat-structure, biological, physical, and
chemical variables; ALL = combination of the three preceding
variable types; and WUA = tests of weighted usable area.
Only 98 models are shown because the sample size was not
reported for 1 model. .

Hall and Knight (1981) reviewed literature on natural variability of stream salmonid
populations and classified factors affecting fish abundance as either physical (stream-
flow and physical habitat) or biological (food abundance, predation, and movement
and migration). They found, as we did, that physical habitat characteristics, particu-
larly the many forms of cover, are most closely related to salmonid abundance, and
they suggested that these should be the first variables to include in habitat
assessment .



Improving Habitat
Models

While reviewing the 55 investigations presenting stream-fish habitat models (tables
1-5), we found that sound sampling or statistical procedures were often minimized or
overlooked during model development. A full discussion of sampling and statistical
inference is beyond our scope, but the investigator clearly must first define the
population of sites or streams of interest. Then a proper sample can be drawn, the
data analyzed, and rigorous inductive inference made from this sample to the defined
population. If data are collected, however, in only a few years or from only a few
streams, strong inference (Platt 1968) cannot be made about the importance of
habitat variables across years or in areas beyond the defined population. Hall and
Knight (1981) report that temporal and spatial variation in salmonid abundance may
be as extreme as several orders of magnitude and that even moderate annual
variation can mask significant changes in the aquatic environment.

A full discussion of the best ways to build linear regression models, the type most
frequently developed to date, is also beyond the scope of this paper. We found Neter
and Wasserman (1974), Weisberg (1980), and Draper and Smith (1981) to be excel-
lent guides for our use. Prospective model builders are strongly advised to seek a
knowledgeable statistician during project planning. If these sources of information are
used, investigators will be able to select proper procedures to assess colinearity
among independent variables, estimate model parameters (the regression coeffi-
cients), and analyze residuals to test model assumptions and fit. When fitting regres-
sions to transformed exponential and power functions (see equations 2 and 3), for
instance, modelers must first determine whether errors in the dependent variable are
additive or multiplicative to ensure that these transformations are valid before using
them. Here we address other problems we found most frequently in model develop-
ment and testing, such as inadequate sample size, error in measuring independent
variables, choosing the best model, testing models, and using models to predict
standing crop. We also address unrealistic assumptions usually made when the
standing crop of stream fish is estimated and when major biological assumptions are
made in most models.

Sample Size

The most common problem among the models we reviewed was inadequate sample
size. Data were frequently measured at too few locations for too few dates (often
N<20; see fig. 1) to encompass the range of variation in the fish populations or
habitat variables that one would expect in even a small area over a relatively short
period. This problem was frequently exacerbated by considering too many variables
for the relatively small sample size, which resulted in small degrees of freedom (fig. 2);
for example, when most of the degrees of freedom are used to estimate regres-

sion coefficients, the resulting model cannot be expected to accurately predict
standing crops under different conditions.

In fairness to many investigators, the relationships they calculated were intended to
describe only the data they measured. But once a regression or correlation is
published, the danger always exists that another researcher will use it for prediction

without first critically evaluating and testing the model to determine whether it applies
under the new conditions.
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Error in Measuring Habitat Variables

A second problem common among .models was that the procedures used to fit linear
regression models assume that the independent habitat variables are measured
without error (Neter and Wasserman 1974, Sokal and Rohlf 1981). Because this
assumption is often violated when stream habitat is measured, variance in indepen-
dent variables is an important consideration when model parameters are estimated
because these estimates may be biased. Weisberg (1980) suggests assessing this
problem by conducting sensitivity analysis to determine how much the model slope
and intercept would change if the habitat variables were changed by an amount
reflecting measurement error. If the error can be measured or even estimated, a
better method is to calculate the resulting bias in slope by using the estimator in
Snedecor and Cochran (1967) to determine whether the error is worth considering.

Platts (1981), Leathe and Graham (1983), Platts and others (1983), and Leathe and
others (1985) are the only investigators we found who evaluated the error in meas-
urement of habitat variables. Platts (1981) and Platts and others (1983) made re-
peated measurements of habitat over 7 years in 56 streams in Idaho, Nevada, and
Utah. They analyzed data precision by calculating 95-percent confidence intervals
and expressing them as percentages of the mean value. They also assessed
accuracy of this mean subjectively by observations and photos at specific points to
determine whether measurements by different observers over time reflected actual
changes in habitat variables. Not surprisingly, variables measured with excellent
precision (half-width of the confidence interval <5 percent of the mean) were those
that could be precisely defined for an observer and measured with an instrument,
such as width and depth of the stream. Variables judged visually, such as percen-
tage of boulder substrate, had larger confidence intervals and low precision of
measurement. They found that accuracy in measuring habitat is hampered by bias
caused by different observers and by natural change in habitat features over time.

Leathe and Graham (1983) and Leathe and others (1985) calculated the relative
percentages of differences in habitat measurements made by different crews in the
same sections of several Montana streams. Again, quantitative measurements (for
example, width and depth) were least variable, and qualitative ones (for example,
pool class and percentage of riffle-run) were most variable.

Choosing the Best Model

The third common problem investigators face is how to choose the best model.
Unfortunately, no automatic procedure exists for model selection because model
usefulness depends partially on the investigator's biological knowledge about how the
habitat variables should be related and also on whether model predictions are

precise enough for the intended use. Certain statistical procedures, especially in
multiple regression, can aid in choosing the optimum model. In the past, investigators
usually calculated such models from stepwise computer algorithms that generated
one best model. But statisticians agree this method is unsuitable because the order
that additional variables enter or leave the model has no functional significance
(Johnson 1981, Weisberg 1980). It is better to calculate all possible models by using



"all subsets" regression and to choose the best one for a given number of
independent variables (for example, the best regression with three independent
variables) by using an objective criterion such as Mallows' Cp statistic, which
minimizes the mean square error of prediction (Weisberg 1980). Among the models
we reviewed, only Rabern (1984) chose subsets based on this criterion, although
White and others (1983) and Lanka (1985) chose models based on R?adjusted for
degrees of freedom, a related and useful criterion.

Another poor practice is choosing models based solely on the coefficient of
determination, as we did in our study for lack of a better criterion. This measure of
association can be inflated by one sample of large value or be deflated if all data are
closely spaced (Neter and Wasserman 1974). In multiple regression, R2 increases as
variables are added, so the largest model will always be chosen if this is the sole
criterion, rather than the adjusted R2 mentioned above.

An important consideration in choosing the best model is the ease and expense of
measuring habitat variables. Several investigators reported alternative models that
were based on how difficult or costly variables were to measure (Marshall 1985,
Scarnecchia 1983).

Testing Models

A fourth problem in model development is that relatively few investigators attempted
to test or validate their models to determine whether they were accurate at another
time or place. Exclusive of the recent tests of WUA as a habitat model (table 5), only
Binns (1979), Nickelson and others (1979), Eifert and Wesche (1982), Fraley and
Graham (1981), Annear and Conder (1983), Layher (1983), White and others (1983),
Rabern (1984), Lanka (1985), and McClendon and Rabeni (1985) undertook tests of
their own models or those of others. These studies provide several examples of
models that have been tested relatively extensively. Nickelson and others (1979)
calculated 95-percent prediction intervals for models of three salmonid species (4.10,
4.11,4.12) and then tested the models by determining the percentage of new
observations falling within the prediction intervals. If the model truly reflects
conditions at the new sites, 95 percent of the new samples would be expected to fall
within this interval, but Nickelson and others (1979) found that only 48, 57, and 88
percent of the 20-318 new observations did so for the three models (see description
of models above, and table 4).

Binns (1979) tested his initial Hal model with new data, then developed a second
model (4.09) and tested that with a third data set. The tests indicated that the second
model is relatively precise and has wide generality in Wyoming. But we suspect the
models of both Binns (1979) and Nickelson and others (1979) may sacrifice realism
because both combine habitat variables in such complex ways that assessing
whether they accurately reflect the functional response of fish to habitat is difficult.
Eifert and Wesche (1982), White and others (1983), and Annear and Conder (1983)
also conducted further tests of the HQl Wyoming and Montana with mixed results
(see model descriptions above).
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Weighted usable area has been tested by several investigators for a number of
species, but most of the tests were made with relatively small sample sizes (table 5).
These tests nevertheless have helped define further data needs for habitat suitability
criteria (Bovee 1986) used in the IFIM procedures. Fraley and Graham (1981),
Layher (1983), Lanka (1985), and McClendon and Rabeni (1985) also collected data
at 10 or more new sites to test their models.

Using Models to Predict Standing Crop

A fifth problem occurs because biologists usually want to use habitat models to
predict what will happen at another place .or in the future when conditions change.
Unfortunately, the existence of a significant regression does not assure that useful
predictions can be made from it; this depends on several factors, one being the width
of the prediction interval. Yet few investigators report this interval or supply the
standard error of regression (Sy|x) and other values needed to calculate it.

To minimize misuse of models for prediction, investigators should supply readers with
the ranges of values measured for each habitat variable during model development
(for example, see Rabern 1984 and Lanka and others 1987) and caution not to
extrapolate outside these ranges. Models also pertain to the geographic area where
data were collected and may predict poorly even in adjacent areas, as Layher (1983)
found when he developed models in Kansas and tested them in Oklahoma.

Most important, when data are observational rather than experimental, investigators
must be careful of making statements about data other than those observed
(Weisberg, 1980); that is, making the inductive leap. We found that using most
models to predict standing crop would be a risky inductive leap because habitat
variables were not experimentally controlled or manipulated by the investigators.
Without experimental manipulation of habitat, changes in the habitat variables cannot
be considered to have caused the observed changes in the standing crop of fish.
Instead, the habitat variables found to be significantly related to standing crop may
be correlated with other unmeasured variables directly affecting fish populations.
Thus, when using observational data to build models, the modeler must assume that
the ecosystem will behave the same way when predictions are made at a different
time or place.

Only Hunt (1971), Kraft (1972), and Randolph and White (1984) were able to
manipulate, habitat variables and measure the response; even then, most variables
were not strictly controlled. But many habitat variables, .such as elevation and nearly
all other drainage basin variables, cannot be manipulated. The link between these
variables and fish production can be established only through careful development
and testing of many models in several regions.

In search of the. biological significance of their models, some investigators suggest
mechanisms whereby the variables found significant could control standing crop.
Although this procedure is a necessary part of model building (Weisberg 1980) and
may provide hypotheses about the controlling mechanisms, the only true test of the
biological significance of habitat variables is repeated experimentation. To draw
conclusions, the researcher must actually manipulate habitat variables and measure
the responses.



How Habitat Models
Are Used

Estimating Standing Crop of Stream Fish

The sixth problem is that most investigators estimated standing crop of fish, the
dependent variable in most models, by using electrofishing to determine two-pass
mark-recapture or removal. estimates. Recent work indicates that the Petersen,
Schnabel, Leslie, and Seber-LeCren estimators commonly used often yield poor
population estimates because they make unrealistic assumptions, especially about
equal catchability of different sizes of fish during different sampling occasions, and of
marked versus unmarked ,fish (Otis and others 1978, White and others 1982). White
and others (1982) present a readable manual describing newer maximume-likelihood
estimators that explicitly account for unequal catchability and a microcomputer
program (CAPTURE) that is available to calculate the estimates.

An important assumption common to all the models is that the population is closed
when the estimate is made. Unfortunately, blocking stream sections for long periods
to ensure closure is difficult. Most mark-recapture models presented by White and
others (1982) also require the fish to be individually marked, or at least batch marked
on each capture occasion, which may be too time consuming, costly, or harmful for
some fish. Removal estimators appear more suitable for stream-fish populations
because stream sections can usually be blocked with nets for one day while the fish
are removed by successive electrofishing passes. But experience of the senior
author indicates that four or more removal passes are often required to satisfy model
assumptions and to achieve accurate estimates of fish populations even in small
streams. Repeated electrofishing unfortunately causes added mortality of young fish
and may affect growth of adult fish (Gatzand others 1986). Some investigators (for
example, Platts 1974, and Rabern 1984) used other methods such as explosives or
rotenone to sample fish. Although these methods are less size selective than
electrofishing, they are destructive and, we suspect, are biased to an unknown
degree.

Major Biological Assumptions

A major biological assumption common to all models is that the fish population is
limited by the set of habitat variables included in the model. The last problem is that
few investigators addressed whether fishing, interspecific competition (Li and others
1984, Loar and others 1985), or predation might be limiting the standing crop below
what the environment could support. Clearly, accurate models cannot be constructed
unless these factors are eliminated or accounted for.

Habitat models are presently used in five main ways in fishery management. First
and most obvious is to predict standing crops of stream fish under present condi-
tions, perhaps for general inventory or planning. But relatively few biologists use
habitat models for this purpose, probably because, as White (1983) suggests, it is
often easier to perform the population estimates than to measure the habitat
variables, or because fish biologists traditionally inventory fish populations to gather
data on size and age.
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A second reason investigators construct such models is that significant independent
variables should point to fundamental mechanisms that control standing crop and
further the process of developing a theoretical understanding of relations between
stream habitat and fish populations. Thus, because Nickelson and others (1979)
found that pool volume alone accounted for 94 percent of the variation in juvenile
coho salmon biomass in Oregon streams, deep pools are inferred to be critical
rearing habitat for coho. But linear regression implies no cause-effect relationship, as
discussed above, so pools of different volumes would have to be created to
determine whether this factor controls coho biomass.

A third use of models is in assessing the habitat quality of a specific stream reach by
determining which habitat variables contribute to a low standing crop; that is, by
asking, "What is wrong with the habitat in this stream?" Managers in Wyoming, for
instance, might use Binns (1979) Hal to assess habitat by determining which
variables have low ratings and also have the greatest effect on predicted standing
crop. But some offending variables cannot be improved by management, a point
discussed below.

A fourth common use is to predict changes in standing crop given proposed
detrimental (removal of water, channelization) or favorable (habitat enhancement)
changes in habitat. For example, the IFIM is used to predict changes in habitat and,
in turn, fish populations, given changes in flow regime or channel morphometry
(Bovee 1982) or improved habitat (Hardin and Bovee 1983). Binns' (1979) HQIl has
also been used to predict reductions in standing crops of stream salmonids with
proposed removal of water (Binns 1982). Stuber (1985) used the HQI to predict
increases in salmonid standing crop after habitat improvement in several northern
Colorado streams. The predictions were made soon after the work was completed,
even though Stuber expected the fish populations to take several years to reach
maximum abundance or carrying capacity.

In response to the Forest and Rangeland Renewable Resource Planning Act of 1974
and the National Forest Management Act of 1976,- the USDA Forest Service is
developing and using models in a fifth way: to predict changes in standing crops of
stream fish caused by the cumulative effects of different forest management
alternatives. Heller and others (1983) present such an analysis for the Siuslaw
National Forest in Oregon. It was used to compare the economic value of anadro-
mous fish with that of timber resources and thereby assess management alter-
natives. Stowell and others (1983) and Leathe and Enk (1985) also linked sediment
yield models of Cline and others (1981) with models predicting stream fish from
habitat to predict changes in standing crops under different timber harvesting
practices in each watershed. We suspect that the statistical ramifications of linking
two models, both having associated prediction errors, need further thought by
investigators attempting cumulative-effects modeling.



Making Models
Useful for Fishery
Managers

A sixth and final use of models is to indirectly assess fishing mortality. Stuber (1985)
assumed that after habitat improvement, trout biomass in three streams should
increase to the level predicted by the Hal (Binns 1982). Stuber proposes that in
streams where this does not occur, fishing mortality is reducing standing crop below
carrying capacity, and special regulations maybe in order. Stuber (1985) suggests
that this assessment is less expensive than creel census and would allow managers
time to implement conservative measures in regulating harvest

Nehring and Anderson (1984) used the ratio of maximum measured trout biomass
per WUA, in 10 Colorado rivers with zero or low bag limits, as a measure of carrying
capacity .For overexploited river reaches, they propose multiplying this standard by
the measured WUA to estimate potential fish biomass attainable under catch-and-
release regulations. Managers using models predicting stream fish from habitat to
assess fishing mortality should be aware that other factors besides fishing mortality
limit fish populations below carrying capacity.

Because none of the models described in this section were developed through
manipulative experiments, each of the uses described involves a risky inductive leap,
often beyond the defined population of streams to which inferences are valid. This
induction may lead to inaccurate predictions and poor management decisions. To
avoid this problem, experimentation is essential to develop the underlying theory on
which to base accurate predictive models.

Fishery managers working for State and Federal natural resource agencies are
frequently asked to help examine costs and benefits to all resources of alternative
management practices. Forest Service fish and wildlife biologists, for example, help
plan timber management for optimum use of all natural resources on forest lands.
The decline in aquatic habitat caused by timber management, agriculture, livestock
grazing, energy development, and recreation is forcing land managers to develop
models for tradeoff analysis. When the effects of many watershed disturbances (for
example, sediment from erosion being transported to downstream reaches and
accumulating through time) combine to degrade aquatic habitat, models must be
developed to account for these cumulative effects.

A model must meet several requirements to be useful for analysis of management
alternatives. First, the model must include variables that can be affected by manage-
ment. Because elevation, for instance, cannot be affected by different range manage-
ment practices, it is an insensitive variable in these analyses, even though it may be
used as a covariate because it has important effects on standing crop of stream fish
in mountainous regions. In contrast, a measure of eroding banks would be a useful
variable in a model designed to assess range management practices.
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Second, the region for which the model accurately predicts standing crop must be
known. One approach that holds promise for increasing the precision of model
prediction is to first delineate ecoregions or land-water ecosystems encompassing
areas of homogeneous climate, geology, landform, and soils, and then develop
models applying to these prescribed land areas. Hierarchical classifications of both
land-aquatic ecosystems (Lotspeich 1980, Lotspeich and Platts 1982, Platts 1974)
and ecoregions (Bailey 1980, 1984; Hughes and Omernik 1981; Omemik and Gallant
1986; Omernik and others 1981) have been promoted by investigators of the Forest
Service and the U.S. Environmental Protection Agency to simplify natural resource
management. Larsen and others (1986), Hawkes and others (1986), and Hughes and
others (1987) have investigated relations between attributes of fish communities and
ecoregions. The Forest Service is currently funding research in several ecoregions of
North America to determine whether streams draining lands formed by similar pro-
cesses have similar habitat and, in turn, similar standing crops or production of fish.

Present approaches to determining the cumulative effects over time of various
management activities on fish populations involve .linking a model predicting fish
standing crop from habitat variables to one predicting these same habitat variables
from land management practices. As previously described, only a few investigators
have done this (Heller and others 1983, Leathe and Enk 1985, Stowell and others
1983), but more work is needed to determine the statistical problems of linking two
such models.

Managers of fish habitat also need to compare present fish standing crops, given
management activities, with those attainable under undisturbed conditions and in
land types having no undisturbed areas. To do this, Parsons and others (1981) made
a model of fish habitat as a function of four geomorphic variables for the Siuslaw
National Forest in Oregon and showed statistically that their model was applicable to
lands with no undisturbed areas. If investigators can determine that both this type of
model and one predicting fish biomass from the same habitat variables apply over a
certain array of land types, then the two could theoretically be coupled to predict
"natural" fish biomass from geomorphic variables.

Drawing conclusions about the future of. models predicting stream-fish standing crop
from habitat is difficult, given the diverse array of models we reviewed and the rate
new models are being developed. One speculation seems warranted, however: when
faced with managing a highly valued fishery resource in a circumscribed system,
such as a resident salmonid population below a hydroelectric dam near an urban
area, a fishery biologist can afford to gather detailed information about factors limiting
the population and will likely be successful in developing a relatively precise model
based on a few variables. But the model may apply only to that specific situation and
thus will have little generality. At the other extreme, when attempting to manage a
diffuse fishery resource of low perceived value, such as a nongame cyprinid occur-
ing statewide, the biologist will likely develop a model based on more variables that
has wider generality but relatively low precision. For the latter case, and many that
fall in between, we propose that model precision could be improved by stratifying
lands into homogeneous ecoregions.
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Tables 1-5 show characteristics of the 99 models predicting standing crop of stream
fish from habitat variables. The models are divided into five categories by the types
of habitat variables found significantly related to standing crop: primarily drainage
basin variables (table 1), primarily variables of channel morphometry and flow (table
2), primarily habitat-structure, biological, physical, and chemical variables (table 3), a
combination of several types of variables (table 4), and tests of weighted usable area
as a habitat model (table 5). Throughout all the tables the three types of independent
habitat variables are denoted by letters: A = drainage basin variables, B = channel-
morphometry and flow variables and C = habitat-structure, biological, physical, and
chemical variables. In tables 1-5, models are divided into two groups by sample size
(N = 20 and N < 20), and are then ordered by the coefficient of determination (r? or
R?). The statistical significance (P) of each model is shown except where it was not
yported (nr) .The code "na" indicates that information was either not available or not
appropriate. Model types were simple linear regression (LR), .multiple linear regres-
sion (MLR), correlation (C), power (P) and exponential (E) functions, and polynomial
ictions (PL). For correlations, the square of the reported correlation coefficient is
shown to compare with r* or R?. Some models Incorporated one or more Indices (1)
that were combinations of other independent variables. Others included the logarithm

g), square (X3, or cube (X°) of an independent variable. Where power or

donential, functions were fitted, the logarithmic transformations of dependent and
independent variables used in the analysis are given (see equations 2 and 3 in text).
Binns (1979) and Layher (1983) use ratings of variables instead of raw measure-
ments (see text for full explanation). The individual habitat variables found significant
in each model are listed by the three variable types (shown as the bold letters A, B,
and C) using abbreviated acronyms that are defined in table 9. The number of each of
the three types of habitat variables measured by investigators and used in building
models is shown. The number of models is given when several statistically significant
ones were developed (p< 0.05; a few investigators used larger significance values),
but only characteristics of the best model accounting for the most, variation in stand-
ing crop are shown. When additional data were collected to test the model, the
sample size is listed. Table 6 lists scientific names of fishes presented in the text.
Tables 7 and 8 are lists of the models ordered by number and author, respectively.
Table 10 lists habitat variables found to be significantly related to standing crop of
stream fish in three or more models.
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Table 4—Characteristics of models predicting standing crop from several types of independent variables

MNumbser of
M  Degrees independent rfor P
Medal for of variables  R¥for  for Model Maodel
nurmber Author model freedom  Inmodel  model model ype output
MODELS WITH M220
428 Rabem [1384) 75 B3 1 88 0001  MLRPL' American eel
408  Binns (1579), Binns and Elserman (1979) 36 a0 5 a7 A PMLR® Trout
4.34 Rabem (1984) 76 3] 8 86 0001 MLRPL" Wamouth
4.29 Rabem (1584) 75 62 12 &5 0001 MLA Gizrrard shad
410  Mickelson and others (1878) 20 27 1 =, ar o LR Aqge 1+ and older cutthroat trout
413 Sekulich (1980} BO T8 3 Ba 008 MLR Age 0 chinook salmon in pools
4.31 Rabam (1984) 75 63 11 A7 0001 MLR Lake chubsucker
4,39 Marshall (1985) 24 19 4 BE e MLRA Age 0+ brown trout
4,27 Rabem (19284) 5 BT 7 B85 0001 MLR Bowfin
433 Rabam (1864) 75 58 16 85 001 MLR Brown bullhead
4.26  Konopacky (1984) 24 17 3 a2 <01 MLR Age 0 chinook saimon
4.36 Leathe and Enk (1985) 2 15 5 81 <05 MLR Bull trout 275 mm
435  Rabem (1984) 75 &8 6 B0 0001 MLRPL" Spotied sunfish
4.11 MNickelson and others (1879) 23 21 1 fr.: ] LRI Juvenile steelhead
432 Rabem (1984) 5 L] 8 78 0001 MLR Spotied sucker
4.30 Rabam (1584 75 ] L:] 68 0001 MLR Chain pickeral
408 Rinne (1978) 24 17 L] 52 o MLR Gila trowt
405  Henddckson and others (19730) 24 24 4 A7 <10 PMLA® Trout
437 Leathe and Enk (1985) a5 1] a AR <05 MLR ‘Wastslope cutthroat trout 275 mm
4.03 Stewart {1970) 41 ar 3 43 <05 MLR Rainbow trout »=18 cm
4.14 Fraley and Graham (1881) 134 130 3 A <05 MR Age | and older trout
4,02 Suewart (1970) 41 a8 2 ar <05 MLR Brook trout »18 em
407 Platts (1974, 1978) 291 270 20 A5 e MLR Rainbow trout
438 Leathe and Enk (1985) 33 3 1 28 <05 © Brook trout =75 mm
MCDELS WITH N<20
421 Layher (1883) 14 ] 4 80 0001 MLR White crappie
418 Layher (1983) B 2 3 89 001 MLR Chanmnel catfish
417 Layher (1883) 10 4 5 87 0007 MLR Orangethroat darter
4,25 ‘White and others [1983) 16 7 8 a5 nr PMLR®  Trout 2200 mm
4168  Layher (1883 13 8 a 84 0001 MLR Slendarhaad darter
412 Nickelson and others (1878) 12 10 1 L e LR Juvenile coho salmon
415 Layher (1383) 12 5 [} a2 04 MLR Spotted bass
4.18 Layher {1883) 18 12 5 80 0001 MLR Central stonaroller
4,20 Layher [1883) 14 12 1 80 0001 LR Largemouth bass
4.23 Scarnecchia (1083) 11 B 4 B4 ne MLR Trout
4.24 Scarnecchia (1943) 11 ] 4 76 nr MLR Trout
4,06  Hendrickson and others (1973a) 17 13 3 T4 <10  PMLR®  Trout
4.M Lewis (1969) 19 16 2 66 < MLR Trout 27 in
422 Layher (1583} 14 11 2 50 02 MLR Green sunfish
4,04 Hendrickson and Doonan (1972) 16 14 1 40 <01 GCE Trout

* Squared independent variables and cross-products of 2 variables were used to develop polynomial equations by multiple linear regression.
® Habitat variables were first converted to ratings, and some of these ratings were combined into indices. Then all ratings and indices were
transformed by using logarithms and a power function of the form: ¥ = aFlg oL -.... yRY (where Ri = rating or index) was calculated using
multiple linear regression (see equation 3 in text).

® Variables were transformed to logarithms and then & power function of the form: ¥ = aX§ . cX% ..... yX%,, was calculated by multiple linear
regression,

¢ Independent variables were not specified by the authors.

® The number of independent varables of this type included in model.



Number of different Murmber M
Significant independant of modals for
Output indepandent variables or correlations miadal
units variablag agsesged developad test
MODELS WITH N 220

A:DAODG C:DOR MAL MTOC MTP 3A 38 ,15C 5 2
log kg'ha B:logRAFY logRLSF JogRSW logRY ClogRCO JlogREB, log ANN, log RS, logRXST 48,7C 2 ]
kgha C:MALMC NFS 3A,38,15C 5 2
kgha B:MD MMF MW C:DOR MAT,MBODS, MG, MPCC MTOG MTP NDOR 3A,38,15C 4 -
gisection B:FD1,FD2,RV,SA C:FCs5 FOC=5FTs5 FVR=5 4B,4C 2 20
g/m? B:F C:ED NTSP 108,5C 14
kp'ha B:MMF €:DOR,FFD,MAL MBODS MG MTH,MTP MTU NCO,R 3A,38,15C 5
kgha B:MD,SA C:ADV DS 4B,15C 2
kg'ha B:MD MMF C:DOR MAWT MBODS MPCC NFS 3A,3B,16C 5 2
kgha B:MD, MMF MW C:DOR FFDMAT MAWT MC MPCC MTH MTOC MTP MTU, 3A.3B15C 3

MNDO,NFS R
gipoal B:logPA RA C:MAPS 2B.4C 5
no./100 m? A:DA B:XPD C:AC,CD,S5C 3A,6B,8C 1
kg'ha C:DORMDONFS,R 3A,3B,15C 5 2
gisection B:SA CFC»5 FOC>5FT=5 FVR=5DVP 1B.5C 1 12
kg'ha A:AR B:MDMMF C:MALMAWT MTU NFS R 3A3B15C 3 2
kgiha B:MD C:DOR.FFD MAT MAWT NFS 3A.3B.15C 5 2
8100 m B:MPD,PA.PY XPD C:AC PAC 7B,3C 8
Iog In/acra B:loghF A, logV1 C:logMAXT JogPAY 2A,17B17C a
no.A00 m? A:DA B:XD C:AC 34, 68,00 1
g'm B:MD C:RC1,RC2 ssémc 7
no.114a m* A:SO C:AC DSO a0 3 23
gim B:MD C:TCR 58,100 7
no.iseciion A:EWC B:MD MW PPO,PRISG C:PBS PF(2%),PFS PG PR, PRA(Z),SBC(S" 2A,58,13C 5
ne./100 m* C:AC 34,6860 1
MODELS WITH N<20

kgha €:RNN,RPH,APO,AT 2A,12B,16C & ]
kgha A:RG B:RPP C:RPH 24,128,16C [ 23
kgha B:RPP C:ACH, RS ATA RWT 2A,12B,16C 5 20
log no.fkm BilogAFV JogCPRMF logMV C:logNN,logPEB. logPTC logRS logX ST BBBC 24
kgtha B:RXW,APR C:RCH 2A,12B,16C 3 1
pisection B:FV 1B 1 8
kgha B:RMD, RMW, RNW C:RMNN,RPH,RT 2h,128,16C 4 14
kgha B:RMW | HPH‘.LF C:RMH,RPH,RSU 2A,12B,16C [ &
kgha C:RPH 2A12B,16C 5 k1
gm3yr! A:E B:MW WDR C:5U 1A,48,10C 13
gim® A:E G:NN,POV,SU 1A,48,10C 14
log Ib/atre B:loghtFA,logWDR CilogPAV 2A17B,17C 18
no.ipogl B:MPV C:AC 48,20 4
kg'ha C:RPH,APO 24,12B,16C ] 47
log Ibvacre C:MAXT 3BAC 2
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Table 6—Common and scientific names of fish species cited in text

Common name

Sciantific name

American eal
Atlantic salmon
Bowfin

Brook trout

Brown bullhead
Brown trout

Bull trout

Cantral stonarollar
Chain pickeral
Channel catfish
Chinook salmon
Coastrange sculpin
Coastal cutthroat trout
Coho salmeon

Colorado River cutthroat trout

Cutthroat trout

Dolly Vardan

Frackled madiom

Gila trout

Gizzard shad

Green sunfish

Lake chubsucker
Largemouth bass
Longear sunfish
Mountain whitefish
Orangeabelly dartar
Orangethroat darter
Pink salmon

Prickly sculpin
Rainbow or steelhead trout
Reticulate sculpin
Rock bass

Sculpin

Slenderhead darter
Smallmouth bass
Spotted bass

Spotted sucker
Spotted sunfish
Threespine stickleback
Warmouth

Westslope cutthroat trout
White crappie

Anguilla rostrata (Lesueur)

Salmo salar Linnaeus

Amia calva Linnasus

Salvelinus fontinalis (Mitchill)
lctalurus nebulosus (Lesueur)

Salmo trutta Linnasus

Salvelinus confluentus (Suckley)
Campostoma anomalum (Rafinesque)
Esox niger Lesusur

letalurus punctatus (Rafinesque)
Oneorhynchus tshawytscha (Walbaum)
Cottus aleuticus Gilbert

Salmo clarki clarki Richardson
Oncorhynchus kisutch (Walbaum)
Salmo clarki pleuriticus Cope

Salmo clarki Richardson®

Salvelinus malma (Walbaum})
Noturus nocturnus Jordan and Gilbart
Salmo gilas Millar

Dorosoma cepedianum (Lesusur)
Lepomis cyanelius Rafinesque
Erimyzon suceita (Lacépade)
Micropterus salmoides (Lacépéde)
Lepomis megalotis (Rafinesque)
Prosopium willlamsoni (Girard)
Etheostoma radiosum (Hubbs and Black)
Etheostoma spectabile (Agassiz)
Oncorhynchus gorbuscha (Walbaum)
Cottus asper Richardson

Salmo gairdneri Richardson

Cottus perplexus Gilbart and Evermann
Ambloplites rupesiris (Rafinesgue)
Cottus sp.

Percina phoxocephala (Nelson)
Micropterus dolomieui (Lacépada)
Micropterus punciulatus (Rafinesque)
Minytrema melanops (Rafinesque)
Lepomis punctatus (Valenciennes)
Gaslerosteus aculeatus Linnasus
Lapomis gulosus (Cuvier)

Salmo clarki lewisi (Girard)

Pomoxis annularis Rafinesque

2 gcientific name used when subspecies not reported.
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Table 7—Models in numerical order with corresponding authors

Model Model

numbar Author number Author

1.01 Ziemer {1973) 4.05 Hendrickson and others (1973b)
1.02 Burton and Wesche (1974) 4.06 Hendrickson and others (1973a)
1.03 Wesche and others (1977) 4.07 Platts (1974, 1976)

1.04 Lanka (1985) 4,08 Rinne (1978)

1.08 Lanka (1985) 4.09 Binns (1979), Binns and Eiserman (1979)
2.01 Burns (1871) 4.10 Mickelson and others (1979)
2.02 Burns (1871) 4.1 Nickelson and others {1979)
2.03 Hunt (1971) 412 Nickelson and others (1979)
2.04 Kraft (1972) 413 Sekulich (1980)

2.05 White (1975) 414 Fraley and Graham (1981)
2.06 White and others (19786) 4,15 Layher (1983)

207 White and others (1978) 4.16 Layher (1983)

2.08 Hunt (1973) 417 Layher (1983)

2.09 MNelson (1980) 4,18 Layher (1983)

2.10 Scolomaon and Paterson (1980) 418 Layher (1983)

2.1 Mehring and Anderson (1981, 1982, 1983, 1984) 4.20 Layher (1983)

212 MNehring and Anderson (1981, 1982, 1983, 1984) 4.21 Layher {1983)

213 MNehring and Anderson (1981, 1982, 1983, 1984) 4,22 Layher (1983)

214 Frenette and others (1984) 4.23 Scarnecchia (1983)

215 Randeclph and White (1984) 4,24 Scarnecchia (1983)

2.16 Chisholm and Hubert (19886) 425 White and others (1983)
3.01 McFadden and Cooper (1962) 4.26 Konopacky (1984)

3.02 Klamt {1978) 4.27 Rabern (1984)

3.03 Enk (1877) 428 Rabemn (1984)

3.04 Harshbarger and Bhattacharyya (1981) 4.29 Rabern (1984)

3.05 Ward and Slaney (1980) 4,30 Rabearn (1984)

3.08 Wesche (1980) 4.31 Rabern (1984)

3.07 Woesche (1980) 4.32 Rabern (1284)

3.08 Barber and others (1981a) 4.33 Rabern (1984)

3.00 Barber and others (1981a) 4.34 Rabern (1984)

3.10 Barber and others (1881a) 4.35 Rabarn (1984)

a1 Barber and others (1981a) 436 Leathe and Enk (1985)

aiz Barber and cthers (1981a) 4,37 Leathe and Enk (1985)
313 Paragamian (1981) 4.38 Leathe and Enk (1985)

3.14 Eifert and Wesche (1982) 4,39 Marshall (1985)

3.15 Gordon and MacCrimmon (1982) 5.01 Nehring (1979)

3.16 Hawkins and others {1983) 5.02 Nickelson and others (1979)
3.17 Hawkins and othars {1983) 5.03 Nickelson and othaers (1979)
3.18 Stowell and others (1983) 5.04 Stalnaker (1979)

3.19 Stowell and others (1983) 5.05 Waesche (1980)

3.20 Stowell and others (1983) 5.06 Orth and Maughan (1982)
3.2 Stowell and others (1983) 5.07 Orth and Maughan (1982)
3.z22 Stowell and others (1983) 5.08 Orth and Maughan (1982)
3.23 McClenden and Rabeni {1985) 5.09 Nehring and Anderson (1983, 1984)
324 MeClendon and Rabeani (1985) 510 MNehring and Anderson (1983, 1984)
3.25 McClendon and Rabeni (1985) 5.11 Gowan (1984)

401 Lewis (1969) 5.12 Loar and others (1985)

4.02 Stewart (1970) 5.13 Loar and others (1985)

4,03 Stawart (1970) 5.14 Loar and others (1885)

4.04 Hendrickson and Doonan (1972)




Table 8—Authors in alphabetical order with corresponding model numbers

Model Medel

Author number Author number
Barber and others (1981a) 3.08 MNehring and Anderson (1981, 1982, 1983, 1984) 2.1
Barber and others (1981a) 3.09 Nehring and Anderson (1981, 1982, 1983, 1984) 212
Barber and others (1981a) 3.10 Nehring and Anderson (1981, 1982, 1983, 1984) 213
Barber and others (1981a) an MNehring and Anderson (1983, 1984) 5.09
Barber and others (1981a) 312 Nehring and Anderson (1983, 1984) 5.10
Binns (1979), Binns and Eiserman {1973) 4.09 Nelson (1980) 2.08
Burns (1971) 2.01 Mickelson and others (1979) 4.10
Burns (1971) 2.02 Mickelson and others (1879) 4.11
Burton and Wesche (1974) 1.02 Mickelson and others (1979) 412
Chishalm and Hubert (1988) 2.16 Mickelson and others (1979) 5.02
Eifert and Wesche (1982) 3.14 Nickelson and others (1979) 5.03
Enk (1977) 3.03 Orth and Maughan (1982) 5.06
Fraley and Graham (1981) 4.14 Orth and Maughan (1982) 5.07
Frenette and others (1984) 2.14 Orth and Maughan (1982) 5.08
Gordon and MacCrimmon (1982) 3.5 Paragamian (1981} 313
Gowan (1984) 51 Platts (1974, 1976) 4.07
Harshbarger and Bhattacharyya (1981) 3.04 Rabarn (1984) 4,27
Hawkins and others (1983) 3.16 Rabern (1984) 4.28
Hawkins and others (1983) 347 Rabern (1984) 4.29
Hendrickson and Doonan (1972) 4.04 Rabarn (1984) 4.30
Hendrickson and others (1973a) 4.08 Rabam (1984) 4.31
Hendrickson and othars (1973b) 4.05 Rabern (1984) 4.32
Hunt (1971) 2.03 Rabern (1984) 4.33
Hunt {1979) 2.08 Rabarn (1984) 4.34
Klamt (1976) 3.02 Rabern (1984) 4,35
Konopacky (1984) 4.26 Randolph and White (1984) 2.15
Kraft (1972) 2.04 Rinne (1978) 4.08
Lanka (1985) 1.04 Scarnecchia (1983) 423
Lanka (1985) 1.05 Scamecchia (1983) 4.24
Layher (1983) 4.15 Seakulich (1980) 413
Layher (1983) 4.16 Solomon and Paterson (1980) 2.10
Layher (1983) 417 Stalnaker (1879) 5.04
Layher (1983) 4,18 Stewart (1970) 4.02
Layher (1983) 4,19 Stewart (1970) 4,03
Layher (1983) 4,20 Stowell and others (1983) 3.18
Layher (1983) 4.21 Stowell and others (1983) 319
Layher (1983) 4.22 Stowell and others (1983) 3.20
Leathe and Enk (1985) 436 Stowell and others (1983) an
Leathe and Enk (1985) 4.37 Stowell and others (1983) 322
Leathe and Enk (1985) 438 Ward and Slaney (1980) 3.05
Lewis (1969) 4.01 Wesche (1980) 3.06
Loar and others (1985) 512 Wesche (1980) 3.07
Loar and others (1985) 5.13 Wesche (1980) 5.05
Loar and others (1985) 5.14 Wesche and others (1977) 1.03
Marshall (1985) 4.39 White {1975) 2.05
McClendon and Rabeni (1985) 3.23 White and others (19786) 2.06
McClendon and Rabeni (1985) 3.24 White and others (1876) 207
MeClendon and Rabeni (1985) 3.2s White and others (1983) 4.25
McFadden and Cooper (1962) 3.01 Ziemer (1973) 1.01
MNehring (1979) 5.01
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Table 9—Independent variables found significant in the best models and their abbreviations

Abbreviation Variable Abbreviation Variable
DRAINAGE BASIN (A)*
AR Annual rainfall MBL Mean basin length
BP Basin perimeter MBS Mean basin slope
DA Crainage area RE Elevation rating
DAO Distance from Atlantic Ocean RG Gradient rating
oD Drainage density RMBE Mean basin elevation rating
E Reach elevation AR Relief ratio
FA Forested area S0 Stream order
G Reach gradient from map TsL Total stream length
MEE Mean basin elevation WwC Watershed condition
CHANMEL MORPHOMETRY (B)
ADW Area of deep water > 1.5 ft RNW Minimum width rating
CW Channel width at bankful flow RPP Percentage of pool rating
FD1 Frequency of depth 46-60 cm RPR Percentage of riffle rating
FD2 Frequency of depth >80 cm RPRU Percentage of run rating
MD Mean depth RSW Stream width rating
MPD Mean pool depth RW Riffle width
MWW Mean width RWDR Rating of width-to-depth ratio
PA Pool area RXW Maximum width rating
PPO Percentage of pool SA Surface area
PRI Parcentage of riffle 5G Section gradient measured in field
PV Pool volume v Channel volume
PW Pool width WDR Width-to-depth ratic
RA Riffle area XD Maximum dapth
RMD Mean depth rating XPD Maximum pool depth
RMW Mean width rating
FLOW?® (B)
AFV Annual flow variation MSPF Mean spring flow
CPFMF Critical period flow as percent of mean flow MV Mean velocity
MWF Mean winter flow
F Flow MNSF Minimum summer flow
F11P Flow 11 days previous NSPF1P Minimum spring flow 1 year previous
DWF3P Difference batween 7-day maximum and NSPF2P Minimum spring flow 2 years pravious
T-day minimum winter flows 3 years previous RAFV Annual flow variation rating
RLSF Late summer flow rating
MFA Mean flow per unit area RV Velocity rating
MMF Mean monthly flow Wi Velocity index
MPY Mean pool velocity PV Maximum pool velocity
MSF Mean summer flow XSF Maximum summer flow
MSF2P Mean summer flow 2 years XSFip Maximum summer flow 1 year previous
pravious XSPF Maximum spring flow
HABITAT STRUCTURE (C)
AAY Area of aguatic vegetation LUB Length of undercut bank
AG Area of all cover NR MNumber of rocks
ADV Area of overhanging riparian vegetation NR=>30 Mumber of rocks =30 em
PAC Percentage of area as cover
ADV<1 Area of overhanging riparian PAV Percentage of area as aquatic vegetation
vegetation <1 m above water PB Percentage of pool area as brush cover
ADVT-2 Area of overhanging riparian vegetation PBL Percentage of area as bouldar and
1-2 m above water log cover
Footnotes are at end of table.



Table 9—Independent variables found significant in the best models and their abbreviations (continued)

Abbraviation Variable Abbreviation Variable
HABITAT STRUCTURE (C) (continued)
ARBY Area of rubble, boulder, and PEB Percentage of eroding bank
aguatic vegetation substrate PF Paal feature
ALB Area of undercut bank PIBV Percantage of area as instream bank vegetation
AWW Area of water willow PIC Percentage of area as instream cover
BS Bank stability rating POV Percentage of zero velocity
cD Channel debris PRA Poal rating
DS Deep slow area PTC Paal and wrbulence cover
FC>5 Frequency of cover in water =5 cm deep RC1 Rock cover <0.1 m®
FOC>5 Frequency of overhanging cover RC2 Rock cover =0.3 m®
in water >5 cm deep RCO Rating of cover
FT>5 Frequency of turbulencs in water REB Rating of eroding banks
>5 cm deep SBC Streambank condition
FVR=>5 Frequency of velocity refuge in water 58 Shallow slow area
=5 cm deep TCR Total cover rating
BIOLOGICAL (C)
DAY Days from June 1 NFS Number of fish species
DVP Depth and velocity preference PRBY Preference factor for rubble, bouldar,
tactors and aquatic vegetation
ED Estimatg of eggs deposited PUB Preferance factor for undercut bank
rm PsSC Previous standing crop
D Invertebrate drift abundance R Species range
PHYSICAL {C) - SUBSTRATE
AB Area of boulder substrate PG Percentage of gravel substrate
ACS #Area of cobble substrate PR Percentage of rubble substrate
Dao S0th percentile substrate size PS<1 Percentage of fine sediment <1 mm
MRPS Mean riffle parficle size P516-256 Percentage of area of 16-256 mm subsirats
PBS Percentage of boulder substrate AS Substrate rating
PE Percentage of substrate embeddedness S5A Area with suitable spawning substrate
ss8C Substrate score
PFS Percentage of fine substrate
PHYSICAL (C) - TEMPERATURE
FFD Frost-free days NTSP Minimum water temperature of §
MAT Mean annual air temperature previous days
MAWT Mean annual water temperature AWT Water temperature rating
MAXT Mean annual maximum water RXST Maximum summer water temperature rating
temperature XsT Maximum summer water lemperature
CHEMICAL (C)
c Conductivity NDO Minimum dissolved oxygen
DOR Dissolved oxygen range NN Nitrate nitragen
MAL Mean alkalinity RCH Calciurn hardness rating
MBODS Mean annual 5-day biochemical AMH Magnesium hardness rating
oxygen demand RNN Nitrate nitrogen rating
MC Mean conductivity RPH pH rating
MPCC Mean platinum-cobalt color RPC Phasphate rating
MTH Mean total hardness RSU Sulfate rating
MTOC Mean total arganic carbon RT Turbidity rating
MTP Mean total phosphorus RTA Total alkalinity rating
MTU Mean turbidity sU Sulfate

* Letters refer to categories of variables defined in the appendix heading and text.
® Flows for specific months were grouped by season.

51



ZOLOR) PEZ-DE9-8861 2301430 ONILNIH LNFHNEIAOD 'S 2

el pue Buipesy xipuadde sy u pauyep sajqeues jo sauobeles of Jaja) slale
05" Uey) Jabie| ucteuILLEIED Jo SIUAIKIE0D PUE Wopasl) Jo SesibBap aioll Jo OF LNM SIBPOLU BIEJIDUI SYSUmSY |

LEFJZEVJSIETY E Aypiqung uespy
LEVEEYSEEY E uvogres oweblio B0y uespy
LEEFLBEY JLET E 10100 yeqeo-wnugeyd uespy
AEP VBTV LIZY E puewsap webixo Eowayoog Aep-g fEnuue uespy
SEPLEER L IEY B2 v uaBixo parossIp Wiy
LTV SIS SR JEEY v sruoydsoyd (a0 uespy
JEFLEETLIET LBET v Aimanpuco uesy
JEPLIEY L IEY JEEY ¥ ey e ueapy
Y IEVOET LT B SLY ] Buges Hd
SEPLEEP L IE T LOEY VB LBEY LB L abues uebiixo panossig
(0} seigeRA EoWeYD
LEEVJOEY JEEY £ anesedwe) e [ENuuE uBapy
LEFJIER JSOEY £ shep sa-15014
SEFLEERLOEY JLEY tr auneladwa) Jajem [ENUUE sy
ZZE'1ZE '02E '6I'E 'BIE 5 SS8UPSPPaqUa S|ELSQNS LS
(0 “sumesadwe) pue elensqgns) seiqELEA [EXSAYY
SEVLESVLZER L ISR JE2Y [ abiuel sanadg
SEVSPEVLVEE Y LEERLOEY LIV 9 sapads sy Jo Jaguiny
H2) seiqeuea exbojoig
FL'E LO'E 'S0'E £ seqsqns uogeleban omenbe pue epinog ‘ejggny jo eeuy
667 '60°E +'B0°E £ uoiietaben uveuedy BuiBueyisao jo ey
L0°E '90°E 'E0E 'B0°2 ¥ yueq Jnasspun jo ybue
BE'Y LE'W 9EF FLY BO0F LOF L0 P02 g 18A02 B jO Bauy
(D) se|geuEA aumonas JENgeH
802 02 902 £ MO JBUWIwns uespy
LEVLEEYJIEY B2 L LT 5 Moy Apuow uespy
:(g) se|qeuEA Mol
L v T £ pi8Yy ul pasnseaw jusipesb uoloes
80 'POE 'EO'E £ yidep jood wesw
€2'F '90'F '9L'2 LSO’ ¥ ORE! Ladap-O1-YIPM
92'F 80P 'PO'E B0 ¥ EGIE 004
6E% LIV 0LV 'E0T 202 102 9 TR SaRuNG
_ _ . LEVPLSEE YRS IOV OLE SR 9 P LBy
BE'F JEEY.EEY . OEY LE2'Y L2 LO'Y 'BO'Y '20F ‘912 ‘BOE kb ydep usapy
:{g) sa|qeues Agewoydiow [auuRyn
SO0L B0 20 £ UCHEAS}S UISEY UBSH
LEF '98'F 'B0°L 201 ¥ eaue sbeurn
FEP RS LOP L0 ¥ UOREAB|S YIBEH
”_r.& sa|qeues wseq abeurig
17 T T pasn ajgeuen
[Bpow fovenbaiy wspuadapu)
Bale

aiqesn pajybijem o sisa) Buipnioxa ‘sjepow g uj uesubis punoy esem sejqepea Juspuadapuy jey) Aousnbai4—0L ejgeL

52



Fausch, Kurt. D; Hawkes, Clifford L.; Parsons, Mit G. 1988. Models that predict
standing crop of stream fish from habitat variables: 1950-85. Gen. Tech Rep. PNW-
GTR-213. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station. 52 p.

We classified mathematical models that predict standing crop of stream fish from habitat vari-
ables by type of independent habitat variable, mathematical structure, and model quality.

The 99 models reviewed were grouped by the types of independent variables found significant
during model development: (A) drainage basin variables (5 models), (B) channelmorphometry
and flow variables (16 models), (C) habitat-structure, biological, physical, and chemical variables
(25 models), (D) a combination of several variable types (39 models), and (E) tests of weighted
usable area as a habitat model (14 models). We found that sound statistical procedures were
often neglected during development of models. Frequent problems were small sample size,
possible bias caused by error in measuring habitat variables, using poor methods for choosing
the best model, not testing models, using observational models to predict standing crop, and
using unrealistic assumptions in estimating standing crop. The major biological assumption that
the fish population was limited by habitat rather than by fishing mortality, interspecific
competition, or predation also usually was not addressed. To be useful for analyzing land
management alternatives, models must include variables affected by management and be
specific for a homogeneous area of land.

Keywords: Stream fish, fish habitat, predictive models, stream-fish standing crop.
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